Intragastric hype racidity occurs after abrupt withdrawal of histamine H 2 -receptor antagonists, and the prolonge d administration of the se age nts induce s tachyphylaxis of the inhibitory e ffe cts on gastric acid se cretion. We examine d the effect of the prolonge d administration of H 2 -re ceptor antagonists on the H 2 -re ceptor signaling syste m in parie tal cells isolate d from rabbits that had re ceived H 2 -re ceptor antagonists for 14 days. Histamine H 2 -receptor antagonists are use ful for tre ating dise ase s that involve gastric acid secretion such as peptic ulce r and re¯ux e sophagitis. The histamine that is re le ase d from the ECL cells in the gastric mucosa plays a pivotal role in acid secretion (1, 2). H 2 -re ceptor antagonists compete with endoge nous histam ine for the H 2 receptor in the parie tal cell membrane s le ading to the suppre ssion of acid se cretion. The H 2 re ceptor is a GTP-binding prote incouple d re ceptor that stimulate s ade nylate cyclase via stimulatory GTP-binding prote ins (Gs). Stimulation of the H 2 receptor e voke s activation of H 1 , K 1 -ATPase in parie tal cell membrane s by a cAMPre late d mechanism, the reby stimulating acid secretion (3). The re is evide nce that prolonge d treatment with H 2 -receptor antagonists affe cts the H 2 -re ceptor signaling system, possibly by alte ring the mechanisms of intrace llular signal transduction that follow H 2 receptor stimulation. It has bee n re porte d that rebound intragastric hype racidity occurs afte r abrupt withdrawal of prolonge d H 2 re ceptor blockade by H 2 -receptor antagonist. Some inve stigators sugge ste d that the re bound hype rsecretion of acid afte r withdrawal of an H 2 antagonist is the result of H 2 receptors becoming more se nsitive and/or up-re gulate d during tre atment (4, 5). Howeve r, prolonge d tre atManuscript receive d Nove mber 24, 1998; accepte d March 16, 1999.
Histamine H 2 -receptor antagonists are use ful for tre ating dise ase s that involve gastric acid secretion such as peptic ulce r and re¯ux e sophagitis. The histamine that is re le ase d from the ECL cells in the gastric mucosa plays a pivotal role in acid secretion (1, 2) . H 2 -re ceptor antagonists compete with endoge nous histam ine for the H 2 receptor in the parie tal cell membrane s le ading to the suppre ssion of acid se cretion. The H 2 re ceptor is a GTP-binding prote incouple d re ceptor that stimulate s ade nylate cyclase via stimulatory GTP-binding prote ins (Gs). Stimulation of the H 2 receptor e voke s activation of H 1 , K 1 -ATPase in parie tal cell membrane s by a cAMPre late d mechanism, the reby stimulating acid secretion (3) . The re is evide nce that prolonge d treatment with H 2 -receptor antagonists affe cts the H 2 -re ceptor signaling system, possibly by alte ring the mechanisms of intrace llular signal transduction that follow H 2 receptor stimulation. It has bee n re porte d that rebound intragastric hype racidity occurs afte r abrupt withdrawal of prolonge d H 2 re ceptor blockade by H 2 -receptor antagonist. Some inve stigators sugge ste d that the re bound hype rsecretion of acid afte r withdrawal of an H 2 antagonist is the result of H 2 receptors becoming more se nsitive and/or up-re gulate d during tre atment (4, 5) . Howeve r, prolonge d tre at-ment with H 2 -re ceptor antagonists has also be e n shown to de crease the inhibitory e ffe cts of the se age nts on acid secretion, ie , tachyphylaxis, eve n whe n administe red for only a fe w days (6, 7) . The mechanism by which H 2 -re ceptor antagonist tre atme nt cause s tachyphylaxis has not be en e lucidate d, but an up-re gulation of an H 2 receptor alone doe s not se em to account for the tachyphylaxis. H 2 -receptor antagonists are usually administe red at dose s suf® cie nt to inhibit acid secretion, e ven if the H 2 receptor is upre gulate d. In eithe r case , the se e ffe cts of prolonge d tre atment with an H 2 -re ceptor antagonist are like ly to be due to change s in parie tal cell function. The continuous administration of an H 2 -receptor antagonist cause s delaye d de gradation of H 1 , K 1 -ATPase , the e nzyme responsible for acid se cretion in the intrace llar canaliculi of parie tal cells, but with no appre ciable increase in its prote in le vel (8) . It has also bee n obse rve d that H 2 -re ce ptor antagon ist tre atme nt cause d a de crease in the numbe r of se cretory canaliculi and an increase in tubulove sicular structure (9) , re sulting in a more tubulove sicular localization of the H 1 , K 1 -ATPase of parie tal cells (10) . It was thus sugge ste d that antagonism of H 2 re ceptor causes this e nzyme to move into the tubulove sicular compartment. Howe ver, no studie s to date have evaluate d the e ffe cts of chronic tre atme nt on the H 2 -re ceptorre late d signal transduction in gastric parie tal cells. In the pre sent study, we e xamine d the effe cts of chronic H 2 -re ceptor antagonist tre atment on compone nts of the H 2 -re ceptor± G-prote in± ade nylate cyclase pathway in gastric parie tal cells.
MATERIALS AND METHODS
Chem icals. Famotidine was kindly donate d by the Yamanouchi Co. (Tokyo, Japan), Cimetidine was kindly donated by SmithKline Bee cham (Tokyo, Japan). Collagenase (type I), histamine dihydrochloride, GTPg S (guanosine 59 -O- [3-thiotriphosphate] ), ATP-Na 2 , and bovine serum albumin (BSA) were obtained from Sigma (St. Louis, Missouri); pronase from Calbiochem (San Diego, California) ; Percoll from Pharmacia (Uppsala, Sweden); SDS (sodium dodecyl sulfate) from Katayama Chemical (Osaka, Japan); polyoxye thylene (20) sorbitan monolaurate , dimethyl sulfoxide, HEPES (N-2-hydroxye thylpiperazine-N9 -2-e thylane sulfonic acid), EGTA (ethyle ne glycol-O, O9 -bis[2-aminoe thyl]-N, N, N9 , N9 -te traace tic acid), 3-isobutyl-1-me thylxanthine , GTP-Na 2 , disodium creatine phosphate te trahydrate, creatine kinase, and forskolin from Wako Pure Chemical (Osaka, Japan); antibodies against G proteins (RM/1, AS/7, QL) from NE N-D uP on t ( B os ton , Mass ac hu se tts) ; an d Receptor Antagon ist. Male Ne w Z e aland white rabbits weighing 2.0 ± 2.5 kg (Japan SLC, Hamamatsu, Japan) we re used. Five rabbits we re give n famotidine at a continuous dose of 10 mg daily for 14 days with an Alzet osmotic pump (model 2ML2; Alza Corporation, California). The pump was implanted in the back, just below the neck as previously described (9) . Famotidine was dissolved in 2% Tween 20, 50% DMSO, and 50% Dulbecco's phosphate-buffe red saline (PBS), pH 7.4. Rabbits treate d with vehicle alone (N 5 5) we re used as controls. Gastric glands and parietal cells were prepared by e nzymatic digestion as previously described (11± 13) . Following digestion with collagenase and pronase, a fraction rich in parietal cells was obtained by Percoll density gradient centrifugation (14) . In brief, the separate d fundic mucosal cells were resuspended in PBS containing 36% (w/v) isotonic Pe rcoll, 12 mmol/liter HEPES, 0.6 mg/ml BSA, 0.3 mmol/l dithiothreitol, and 1.9 mmol/l EGTA (pH 7.4) and then centrifuged for 13 min at 30,000 g. The purity of the se parietal cells in the top 20% of the Percoll gradient was 90.8 6 1.4% (me an 6 SEM, N 5 10). The preparation of the parietal cells from the rabbits tre ate d with an H 2 -receptor antagonist was carried out in solutions supplemente d with 10 2 4 mol/l cimetidine. These cells we re washed brie¯y with PBS imme diate ly before the experiments to remove cimetidine.
To prepare crude me mbrane from the parietal cells, the isolated cells we re ® rst washed twice with PBS and then suspended in cold sodium phosphate buffe r A (25 mmol/l) sodium phosphate , 5 mmol/l MgCl 2 , 0.02% NaN 3 , 0.1 mmol/l phe nylme thylsulfonyl¯uoride, and 10 mmol/l HEPES, pH 7.4). After a centrifugation step, the cell pellets we re homogenized with a Potte r-type homoge nizer in chilled sodium phosphate buffe r A, the n further homogenized with a Polytron type homogenizer (Kinematica AG, Switzerland). The homogenate was centrifuged at 700 g for 15 min. The supernatant was centrifuged at 30,000 g for 30 min. The pellets we re resuspended in sodium phosphate buffe r A and stored at 2 80°C until assaye d. The present study protocol was approved by the Institutional Committee of Hamamatsu University School of Me dicine and followed the Regulations for Animal Study. The membrane proteins from whole brain of another nontre ate d rabbit served as standards for this assay and we re also subjecte d to the SDS± polyacrylamide ge l e lectrophoresis. The gels were soaked in a blotting buffe r (25 mmol/l Tris, 192 mmol/l glycine, and 20% methanol), and the proteins were transferred to a nitrocellulose membrane (Ame rsham, International plc., Ame rsham, UK) . The transfer of proteins to nitrocellulose me mbrane and their retention in the gel were e stimated by reve rsible Ponceau staining and Coomassie brilliant blue staining, respectively. After the transfer, the nitrocellulose membrane was incubate d for 1 hr with 5% skim milk in PBS supplemente d with 0.1% Tween 20 (PBS-T, pH 7.5) to block background staining. Polyclonal rabbit anti-G proteins (RM/1 for Gsa ; AS/7 for transducin, Gi1a , and Gi2a ; QL for Ga q and Ga 11; NEN) we re diluted 1:2000 in 10 ml of 0.1% PBS-T and used as primary antibodies. The nitrocellulose membranes we re next incubated with the primary antibodies for 1 hr, washed ® ve times with 0.1% PBS-T, and the n subjected for 1 hr to the reaction with horseradish peroxidaseconjugate d goat anti-rabbit immunoglobin G, diluted 1:5000 with PBS-T. The enhanced chemiluminescence we ste rn blot detection system and Hype r® lm-ECL (Ame rsham, USA) were used to the detect immunore activity according to the manufacture r's recommendations. The intensity of the individual immunoreactive bands was dete rmined with a densitometric analysis syste m (Atto, Japan). Data are e xpressed relative to the densitometric value s of the brain me mbrane proteins, which we re run simultaneously on the same ge l. Measurem ent of Adenylate Cyclase Activity. The ade nylate cyclase activitie s in the parietal cell me mbrane we re determined by the method of Itoh et al (17) ANOV A followed by an unpaired Student's t test or a We ltch's t test was used for comparisons betwe e n two groups. A leve l of P , 0.05 was considered statistically signi® cant. Table 1 .
RESULTS

Ch an ges in H
G-Protein Levels After H 2 -Receptor Antagon ist Treatm ent. We use d immunoblot analysis and de nsi-
tometry to estimate the amounts of a subunits of the G prote ins, including Gs, Gi (the inhibitory GTP binding prote in for ade nylate cyclase ), and Gq/11 (Figure 2 ). Gq/11 is linke d to both the muscarinic m3 re ceptor and presumably the CCK-B/gastrin re ceptor in the parie tal cell membrane (18 ± 21) .
UP-REGULATION OF H 2 RECEPTOR IN PARIETAL CE LLS
The antibody RM/1, which recognize s Gsa , dete cted prote ins of 45 and 52 kDa, which corre spond in size to the two subclasse s of the Gsa prote in. Densitome tric analysis of the combine d optical de nsitie s of both bands showed that the le ve l of Gsa was upre gulate d from 113.9 6 5.7 to 134.7 6 6.9 (e xpre sse d as pe rcent of Gsa in brain membrane s run on the same gel) after famotidine tre atment for 14 days (Figure 2A ). The diffe rence be twee n the two groups (N 5 9 pe r group) was signi® cant (P , 0.05) . In contrast, no signi® cant diffe re nces in the le vels of Gia and Gq/11a were obse rved be twee n the two groups (Gia : famotidine -tre ated group 17.31 6 4.2, control group 12.5 6 2.5; Gq/11a : famotidine -tre ated group 55.0 6 2.1, control group 53.8 6 2.9% of Ga in rabbit brain; Figure 2B and C).
Adenylate Cyclas e Activity After H 2 -Receptor Antagon ist Treatm en t. The production of cAMP in the parie tal cell membrane s was measure d as an inde x of the ade nylate cyclase activity in the abse nce (basal) or pre sence of histamine alone and histamine plus GTP, GTPg S, or forskolin (Figure 3) . Production of cAMP in the basal state incre ase d from 17.3 6 1.3 to 24.5 6 2.7 pmol/mg-prote in/min (P , 0.05, N 5 8 pe r group) afte r prolonge d famotidine tre atme nt. cAMP production in the pre se nce of 10 2 4 mol/l histam ine (N 5 8) and that in the pre se nce of 10 2 4 mmol/l GTP (N 5 5)
was also increased by the famotidine tre atment, from 37.8 6 4.3 to 58.4 6 6.1 and from 17.9 6 2.1 to 36.4 6 6.8 pmol/mg-protein/min, respe ctively (P , 0.05 in both cases pe r group; Figure 3 ). The incre ase in cAMP production cause d by histamine was abolishe d in the prese nce of cime tidine . Howe ver, e ve n in the pre sence of 10 2 4 mol/l cimetidine , the production of cAMP in the famotidine -tre ate d group tende d to be highe r than that in untre ate d group. Basal cAMP production was also lowere d by cimetidine , but less so than obse rved in the famotidine -treate d group. The cime tidine -re sistant cAMP production was somewhat highe r in the famotidine -tre ated group. While the 
Fig 2.
Immunoblot and densitometric analysis of a subunits of G proteins in parietal cell membranes take n from rabbits afte r prolonged treatment with famotidine. Me mbrane proteins we re analyzed using speci® c antibodies for Gsa , Gia , and Gq/11a as described in Materials and Methods. Uppe r panels: immunoblots of Gsa (A), Gia (B), and Gq/11a (C) with ( e nhance d cAMP production induce d by GTP and GTPg S was highe r in famotidine -treate d group, forskolin-stimulate d cAMP production was similar in the two groups.
DISCUSSION
Prolonge d treatment with H 2 -re ceptor antagonists leads to hype rse cretion of gastric acid, but the mechanism re mains poorly unde rstood. The incre ase d leve l of gastrin after prolonge d H 2 -receptor antagonists could pote ntially induce intragastric hype racidity. Prolonge d treatment with H 2 -receptor antagonists increase s both the se rum gastrin leve l and the activity of histidine de carboxylase , the enzyme responsible for the synthe sis of e ndoge nous histam ine in the gastric mucosa (22± 25) . In addition, it has be en shown that gastrin has a trophic e ffe ct on the gastric membrane . If gastrin exerts a spe ci® c trophic e ffect on parie tal cells, the parie tal cell mass would incre ase during chronic H 2 -receptor antagonist tre atme nt in re sponse to the incre ase in gastrin secretion. Howeve r, while it is ge nerally accepted that gastrin displays a speci® c trophic e ffe ct on ECL cells (26) , the dire ct trophic e ffect on parie tal cells is controve rsial (27, 28) . In the pre sent study, the number of parie tal cells did not incre ase signi® cantly with H 2 -re ceptor antagonist tre atment (data not shown) . In addition, Nwokolo e t al showe d that when the phe nomenon of rebound hype racidity occurs afte r H 2 re ce ptor blockade , plasma gastrin concentrations return to the value s before treatment (4). Thus, increased se rum gastrin leve ls alone cannot account for the causes hype racidity afte r prolonge d H 2 -re ceptor antagonist tre atme nt.
In the pre se nt study, prolonge d treatment with an thought be involve d in the dese nsitization proce ss or the down-re gulation of re ceptors. In the case of the H 2 receptor, no such receptor kinase has be en found to date . A re cent study using an e pitope -tagge d receptor and immuno¯uore scence microscopy de monstrate d agonist-induce d e ndocytosis of the H 2 receptor (29) . Accordingly, it see ms that in the H 2 re ceptor there could be , at le ast in part, the regulatory system common to othe r GPCRs. The up-re gulation of receptor along with increased ade nylate cyclase activity has bee n well studie d in the b -adre nergic re ceptor syste m, which is also couple d to Gs (30) . Afte r The physiological relevance of inve rse agonism remains controve rsial. Howe ver, if one assum es that famotidine is an inve rse agonist of the H 2 receptor, this may explain the up-re gulation of the H 2 re ceptor cause d by famotidine in this study. In this case , the famotidine -induce d incre ase in the basal activity of cAMP production, and thus ade nylate cyclase , in the parie tal cell me mbrane s may re pre se nt a ligandinde pende nt activity of the up-re gulate d H 2 receptors.
It is well known that H 2 receptor activation followed by increase d intrace llular cAMP has a central role in acid se cretion and that histam ine and carbachol or gastrin pote ntiate the effects of one anothe r on acid secretion (34 ± 37) . The refore, acid secretion could also be up-re gulate d in vivo by the pote ntiation of secretory stimulation whe n the basal production of cAMP is up-re gulate d in response to prolonge d H 2 re ceptor antagonist tre atme nt.
Prolonge d treatment with H 2 -re ceptor antagonists induce s decreased acid inhibitory e ffects of the se age nts, e ven after administration for only a fe w days (6, 7). This phe nome non is not associate d with the kind of H 2 -receptor antagonist or the dose . In addition, our results sugge st that incre ase d ade nylate cyclase activity was not responsible for this tachyphylaxis, be cause the incre ase d activity disappe are d in the pre sence of an H 2 receptor antagonist. In summary, it is possible that the up-re gulation of H 2 receptors with the associate d incre ase in ade nylate cyclase activity was responsible for the hype rsecretion of gastric acid se cretion afte r prolonge d treatment with an H 2 -re ceptor antagonist, although the mechanisms involve d remain uncle ar. Howe ver, such upre gulation may provide a means for maintaining acid se cretion during the continuous administration of H 2 -re ceptor antagonists.
